Atherosclerosis is the leading cause of death globally. The pathophysiology of atherosclerosis is not fully understood. Recent studies suggest dipeptidyl peptidase-4 (DPP4), a regulator of inflammation and metabolism, may be involved in the development of atherosclerotic diseases. Recent advances in the understanding of DPP4 function in atherosclerosis will be discussed in this review.
INTRODUCTION
Dipeptidyl peptidase-4 (DPP4, also known as CD26) is a membrane glycoprotein that has recently gained attention due to its role in the catalytic degradation of incretins. In this review, we will summarize the structure and function of DPP4 and its known roles in cardiovascular physiology and atherosclerosis. We will provide perspectives on clinical trials of DPP4 inhibition and review recent data from both mechanistic studies and outcome-driven trials.
DIPEPTIDYL PEPTIDASE-4 STRUCTURE, FUNCTION, AND REGULATION
DPP4 is a transmembrane glycoprotein dipeptidase that cleaves N-terminal dipeptides from proteins with proline or alanine as the penultimate position. DPP4 is highly conserved among species and forms a homodimer or tetramer on the plasma membrane. DPP4 has a 6-amino-acid N-terminal cytoplasmic domain (AA1-6), a 22-residue transmembrane domain (AA7- 29) , and a large C-terminal extracellular domain (Fig. 1) . The extracellular domain contains an a/b-hydrolase domain, an eight-blade b-propeller domain and is responsible for its dipeptidase function and binding to proteins such as adenosine deaminase (ADA) and fibronectin. DPP4 is widely expressed, particularly on endothelium, epithelium, and immune cell populations. The extracellular domain of DPP4 may be cleaved and circulate in the plasma, where it contributes to the most of plasma DPP4 activity. DPP4 activity and concentration correlates with type 2 diabetes (T2DM) and atherosclerosis [1, 2] . The bone marrow contribution to soluble DPP4 is substantial with nearly 43% of soluble DPP4 originating from the bone marrow in experimental models [3] .
Although the regulation of DPP4 expression is not fully understood, there is definite evidence for its regulation by inflammatory mediators. DPP4 promoter region also contains an IFNg-activated sequence motif, which is a binding site of STAT1a.
STAT1a activation by interferons and retinoic acid leads to the binding of signal transducer and activator of transcription 1a (STAT1a) to the IFNg-activated sequence motif and DPP4 transcription [4] . IL-12 enhances the translation but not transcription of DPP4 in activated lymphocytes, whereas TNFa decreases expression of DPP4, suggesting that DPP4 translation and translocation is regulated by cytokines such as IL-12 and TNFa [5] . IL-1a has also been shown to upregulate the expression of DPP4 [6, 7] .
DIPEPTIDASE ACTIVITY OF DIPEPTIDYL PEPTIDASE-4
Incretin peptides, such as glucagon-like peptide-1 (GLP-1) and gastric inhibitory polypeptide (GIP), are responsible for the modulation of postprandial blood glucose by promoting insulin secretion from pancreatic b cells and via glucagonostatic effects. GLP-1 and GIP are rapidly inactivated by DPP4, leading to a short half-life (minutes for both GLP-1 and GIP). Mice lacking DPP4 are protected from the development of diet-induced obesity and demonstrate improved postprandial glucose control [8, 9] . Pharmacological inhibition of DPP4 enzymatic activity improved glucose tolerance in wild type, but not in Dpp4 À/À mice. Inhibition also improved glycemic control in glucagon-like peptide-1 receptor Glp1r À/À mice, suggesting additional mechanisms for DPP4 inhibition-mediated antihyperglycemic effect [9] . In addition to incretin peptides, DPP4 also cleaves a number of other proteins. The physiologic targets include GLP-1, GLP-2, brain natriuretic peptide (BNP), peptide YY (PYY), stromal cell-derived factor-1 (SDF-1), erythropoietin, granulocyte colony-stimulating factor, and substance P (3) (4) (5) (6) (7) (8) (9) (10) (11) . The catalytic activity of DPP4 has been extensively reviewed and will not be discussed in detail here [10 && ]. SDF-1 is a physiologic target that serves as a chemoattractant for bone marrow stem cells [such as hematopoietic stem/progenitor cell, endothelial progenitor cell (EPC), and mesenchymal stem cell] and endogenous cardiac stem cells through its cognate receptor C-X-C Motif Chemokine Receptor 4 (CXCR4). Preservation of SDF-1 by DPP4 inhibition has been shown to promote stem cell repopulation and homing to ischemic tissues. SDF-1 levels increase in plasma and in ischemic tissue shortly after ischemic injury, in response to hypoxia, which in turn upregulates hypoxia inducible factor 1a (HIF-1a) [11] . HIF-1a upregulates SDF-1 by binding to the promoter of SDF-1 [12] . Disease states such as diabetes associated with upregulation of DPP4, may represent conditions associated with defective homing and integration of EPCs due to rapid degradation of SDF-1 in both plasma and ischemic heart tissue [13, 14] . An improvement in EPC number and endothelial nitric oxide synthase expression after DPP4 inhibition has been previously demonstrated [15] . Thus, DPP4 inhibitors (DPP4i) may have the ability to enhance SDF-1/ CXCR4 responsiveness and may improve the SDF-1-mediated stem cell homing postmyocardial infarction. This however remains to be tested in humans [16 & ] . A significant correlation between DPP4 and hemoglobin A1c (HbA1c) has been observed in type 2 diabetic patients, who also demonstrated higher DPP4 activity than controls or those with impaired glucose tolerance [17] .
NONCATALYTIC FUNCTION OF DIPEPTIDYL PEPTIDASE-4 AND ROLE IN INFLAMMATION AND ATHEROSCLEROSIS
DPP4 has been known to play a role in T-cell activation and functional modulation of antigenpresenting cell function. Activation of DPP4 by anti-DPP4 antibodies and recognition of ADA-binding epitopes enhances T-cell activation, proliferation, and cytokine production. Crosslinking by anti-DPP4 antibody induces tyrosine phosphorylation of signaling molecules downstream of T-cell receptor/CD3. Upon binding to DPP4, caveolin-1, a plasma membrane protein is phosphorylated, resulting in the phosphorylation of interleukin 1 receptor associated kinase 1 (IRAK-1) and activation of nuclear factor kappa B (NF-kB) [10 && ]. The interaction between DPP4 and caveolin-1 has been reported to be involved in the pathogenesis of arthritis but could be important in atherosclerosis [18] . DPP4 can bind components of extracellular
KEY POINTS
DPP4i are well tolerated from a cardiovascular standpoint.
DPP4i do not improve cardiovascular outcomes in patients with T2DM in duration of less than 5 years.
Multiple studies suggest catalytic inhibition of DPP4 alters pathways that could favor cardioprotection.
Saxagliptin increased hospitalization rate of heart failure compared with placebo, whereas other DPP4i, including alogliptin and sitagliptin do not affect heart failure hospitalization rate.
GLP-1R-independent aspects of DPP4 function may contribute to the overall neutral effects on cardiovascular outcome seen in the outcome trials.
matrix, such as collagen and fibronectin, with these interactions potentially playing a role in sequestration of DPP4 and matrix remodeling. Soluble DPP4 has also been shown to independently modulate inflammation via the activation of extracellular signal-regulated kinase 1/2 (ERK1/2) and NFkB. The effects could be inhibited via silencing of protease-activated receptor-2, suggesting a novel, proinflammatory role for the soluble fraction [19] . Interaction between DPP4 and ADA may facilitate T-cell activation by providing a suitable microenvironment for T-cell proliferation. By anchoring ADA on cell surface, DPP4 modulates pericellular adenosine and thus regulates T-cell activation. We have recently demonstrated that DPP4 expressed on adipose tissue macrophages is also involved in adipose inflammation and insulin resistance by interacting with ADA [2] . Expression of DPP4 on adipose tissue macrophages was higher than that in circulation and was increased in obese and insulin-resistant patients. DPP4 on antigen-presenting cells, including macrophages and dendritic cells facilitated T-cell proliferation and activation through its noncatalytic activity, as catalytic inhibition of DPP4 or addition of exogenous soluble DPP4 did not affect their capability to stimulate T cell. Antigen presenting cell-expressing DPP4 was able to bind ADA and promote T-cell activation via removal of suppressive effect of adenosine [2] . In a very early study, DPP4 was found to be expressed in atherosclerotic plaque, associated with T cells and the levels of expression correlated with acute coronary syndrome presentation. Circulating DPP4 activity has been reported to be increased in patients with obesity and T2DM, positively correlating with HbA1c levels, degree of obesity, and measures of insulin resistance and inflammation [17, 20] .
EFFECTS OF DIPEPTIDYL PEPTIDASE-4 INHIBITION IN CARDIOVASCULAR DISEASE
There are currently four DPP4i ('gliptins') approved by the Food and Drug Administration (FDA) and several others available in Europe/Japan/Korea (Table 1) , which may be broadly divided into two classes based on structure: DPP4 peptide mimetics and nonpeptidomimetics. Gliptins selectively inhibit the enzymatic activity of DPP4 [Inhibitory Concentration 50% (IC50): 19 nmol for sitagliptin, 62 nmol for vildagliptin, 50 nmol for saxagliptin, 24 nmol for alogliptin, and 1 nmol for linagliptin] and do not interfere with other members of the DPP family, including DPP8 and DPP9. Continued inhibition of more than 70% plasma DPP4 activity is noted with most approved agents even after 24 h. 
Direct cardiac effects of dipeptidyl peptidase-4 inhibition
There is good evidence that DPP4 inhibition mediates cardiovascular protective effects in models of myocardial infarction, atherosclerosis, and heart failure. DPP4 is expressed in the postinfarct heart at higher levels particularly in the border zone as well as the failing heart. DPP4 expression and activity is positively associated with body weight in an adult dog and significantly higher with the degree of heart failure [22] . Survival rate and infarct size significantly improved in Dpp4 À/À mice after left anterior descending artery ligation, accompanied by enhanced expression of prosurvival signal pathways, such as phospho-protein kinase B, phosphoglycogen synthase kinase 3b, and atrial natriuretic peptide, in cardiac tissue [23] . Pharmacologic inhibition with sitagliptin enhances expression of cardioprotective proteins and improved functional recovery after ischemia-reperfusion injury in the murine heart [23] . Both, pharmacological and genetic DPP4 inhibition reversed diabetic diastolic left ventricular dysfunction and fibrosis but not pressure overload-induced left ventricular dysfunction in mice [24] . A number of effects such as induction of prosurvival pathways seen in response to DPP4 inhibition have been postulated to occur via activation of glucagon-like peptide-1 receptor (GLP-1R) signaling [25] . The engagement of GLP-1R (a G protein-coupled receptor) leads to the activation of adenylate cyclase through stimulatory G protein subunit, and subsequent accumulation of cyclic adenosine 3 0 ,5 0 -monophosphate (cAMP) at least in classical organs such as the b cell [25] . However, a GLP-1R-independent mechanism, via the GLP-1(9-36) degradation product has also been suggested. In Glp1r -/-mice, GLP-1 (9-36) limits infarct size and promotes cardiomyocyte survival after ischemia-reperfusion injury, by activating phosphoinositide 3-kinase (PI3K) and mitogenactivated protein kinase 1/2 (MAPK1/2) signaling pathways, suggesting the existence of different receptor(s) able to bind the cleaved form of GLP-1. Mulvihill et al. [26 && ] recently reported substantial differences between genetic deficiency of DPP4, which results in a cardioprotective phenotype characterized by reduction in cardiac hypertrophy, improved left ventricle ejection fraction, and & ]. Although some of the studies may reflect differences in models of diabetes, strain susceptibility, and differential impact of diet, it is important to consider that DPP4 À/À mice are models of global DPP4 deficiency and do not represent catalytic inactivation of DPP4 that occurs with pharmacologic models of DPP4 inhibition. Further, there are differences in DPP4 structure between mouse and humans that may result in differences such as ADA binding that may have substantial implications for translating findings from animal models to humans [10 && ]. In open-label studies of patients with T2DM and existing coronary artery disease undergoing dobutamine stress echocardiography, protection against ischemia-induced alterations in left ventricular function and peak systolic velocity have been observed in humans with DPP4 inhibition suggesting acute cardioprotection against ischemia-induced contractile dysfunction presumably related to GLP-1 elevation (sitagliptin, single dose or 4 weeks of treatment) [28, 29] . In a doubleblind long-term study of vildagliptin in ventricular dysfunction diabetes, in patients with heart failure with reduced ejection fraction, although there were no differences in left ventricular ejection fraction following 1 year of treatment, an increase in left ventricular end-diastolic volume was reported for patients randomized to vildagliptin [25] . Interestingly, improvement was noted in N-terminal pro-brain natriuretic peptide levels in the study. These studies collectively indicate complex effects of catalytic inhibition that are difficult to reconcile readily. Certainly, the possibility of substantial differences between individual DPP4i needs to be entertained.
Effects of dipeptidyl peptidase-4 inhibition on vascular function and blood pressure
The results of DPP4 inhibition on endothelial function have been inconsistent. Part of the variability may reflect differences in protocol, including methodologies to measure endothelial function, which are notoriously difficult to replicate and often differ from patient to patient. Treatment with vildagliptin for 4 weeks in patients with T2DM improved forearm blood vasodilator responses to intra-arterially administered acetylcholine, but not to sodium nitroprusside [30] . Sitagliptin treatment for 12 weeks significantly improved flow-mediated dilatation in diabetic patients uncontrolled on sulfonylurea, metformin, or pioglitazone treatment [31] . In contrast, another study [32] demonstrated that the flow-mediated dilation was suppressed by both sitagliptin and alogliptin. In a recent study, acute DPP4 inhibition did not potentiate vasodilatory responses to infused GLP-1 and BNP in healthy study participants [33] . The significance of these findings and how applicable these are to the diabetic patients on long-term DPP4i remain questionable. DPP4i unlike GLP-1 agonists do not appear to have blood pressure (BP) lowering effects. The BP lowering effects of GLP-1 agonists have been attributed to direct vasorelaxant effects of GLP-1, natriuretic mechanisms, and central nervous system mechanisms [34] . The reason for the lack of BP lowering effects with DPP4 inhibition may simply relate to the magnitude of GLP-1 elevation compared with pharmacologic strategies of GLP-1 agonism. Another mechanism that has been raised is that under conditions of high DPP4, peptide YY 1-36 (PYY1-36) is converted to peptide YY 3-36 (PYY3-36). PYY1-36 through activation of Y receptor subtype 1 receptor may potentiate angiotensin II signaling. Definite data to support this in humans is however lacking.
Effects of dipeptidyl peptidase-4 inhibition on lipoprotein metabolism
The lipoprotein effects of GLP-1R agonists and DPP4i, have also been reviewed in detail in prior reviews [16 & ]. Although prior small studies that have examined effects on postprandial lipids, have shown reductions in VLDL and remnant lipoproteins by DPP4, these effects are thought to largely occur via GLP-1-mediated reduction in absorption of triglycerides and synthesis of apolipoprotein B48 lipoproteins. There have been only limited studies (one double blind) conducted for more than 12 weeks [35] [36] [37] . The double-blind study showed a 43 and 50% reduction in postprandial triglycerides and chylomicrons, respectively [35] . The remaining studies have all been short term, with the effects of DPP4i and GLP-1R agonist having been noted to occur even with a single dose independent of weight loss [38] [39] [40] .
Dipeptidyl peptidase-4 inhibition on atherosclerosis
There have been multiple studies demonstrating the efficacy of DPP4i in reducing atherosclerosis in animals, including rodents and rabbits [41 & ,42] . In a long-term study involving DPP4 inhibition with alogliptin, reduced atherosclerotic plaque and vascular inflammation were noted in highfat-fed atherosclerosis-prone low density lipoprotein receptor knockout mice. The reduction in plaque was associated with a reduction in inflammation (monocyte/macrophage activation and chemotaxis) [42] . Reduced macrophage foam cell formation [43] , smooth muscle proliferation [44] , and macrophage polarization toward an alternatively activated macrophage phenotype [45 && ], have been suggested as a mechanism for DPP4 inhibition-induced improvement of atherosclerosis. In a recent human study, alogliptin was shown to reduce carotid intima-media thickness in T2DM patients free of a history of apparent cardiovascular diseases [46 && ]. To what extent these findings help explain findings in clinical trials will only be determined by appropriate long-term duration studies in humans, longer than the current 2 to 4-year trial horizon of cardiovascular safety trials noted below.
RESULTS FROM LARGE SCALE CLINICAL TRIALS OF DIPEPTIDYL PEPTIDASE-4 INHIBITORS

Cardiovascular outcome trials with dipeptidyl peptidase-4 inhibitors
There have been three large randomized doubleblind placebo-controlled clinical trials evaluating hard cardiovascular endpoints with DPP4i ( Table 2 ). The primary motivation for these trials has been the safety of DPP4i based on a prior FDA directive to provide safety data prior to and in certain instances following regulatory approval. All three of the completed trials, met the primary objective to exclude an unacceptable level of ischemic cardiovascular risk as defined in the FDA guidance. In two of these trials ( [48] . The major composite endpoint was similar in alogliptin and placebo (hazard ratio, 0.96; upper boundary of the one-sided repeated, CI, 1.16; P < 0.001 for noninferiority) [48] . TECOS assessed the effect of sitagliptin (100 or 50 mg if glomerular filtration rate 30-50 ml/min, once daily) in diabetic patients with a history of cardiovascular disease [49 && ]. The primary endpoint was identical in the two groups with the trial meeting the criterion for noninferiority (9.6 vs. 9.6%; hazard ratio, 0.98; 95% CI, 0.88-1.09; P < 0.0001 for noninferiority) [49 && ]. Although an important consideration for antidiabetic agents is their cardiovascular benefit, cardiovascular benefit has not been seen within the duration (2-4 years) of currently designed studies. It is, however, possible that more delayed benefits may still occur with DPP4i. In addition to cardiovascular benefits, cost, treatment burden, and adverse effects of therapies in diabetes are overarching considerations. Treatment burden and adverse effects can have an appreciable negative impact on patient quality of life with prior studies showing that interventions with a high treatment burden for treating glucose ('glycemic disutility') may substantially attenuate benefit as measured by qualityadjusted life years. Health economic analyses have suggested that while DPP4i may incur a significant cost up front, their improved side-effect profile compared with conventional therapies in diabetes may be substantial. For instance, relative to glyburide as second-line therapy, the use of incretin agents is associated with an additional 0.09-0.12 qualityadjusted life years per patient, a result comparable to benefits accrued by a number of highly effective preventive and treatment strategies [50] .
Dipeptidyl peptidase-4 inhibitors and heart failure
An unexpected finding in SAVOR-TIMI 53 was an increased incidence of heart failure hospitalization (a prespecified endpoint) in saxagliptin compared with placebo (3.5 vs. 2.8%; hazard ratio, 1.27; 95% CI, 1.07-1.51), without excess heart failure-related mortality. Previous heart failure, estimated glomerular filtration rate < 60 ml/min, elevated BNP, and albumin/creatinine ratio were the strongest predictors of heart failure hospitalization. This excess heart failure risk was not noted with alogliptin or lixisenatide, both of which were in a high-risk acute coronary syndrome patient population assuaging concerns. In EXAMINE, first occurrence of hospitalization for heart failure occurred in 3.1 and 2.9% of alogliptin and placebo groups, respectively (1.07; 95% CI 0.79-1.46, P ¼ 0.68). There was no excess of cardiovascular death. In TECOS, the hospitalization rate for heart failure was identical in sitagliptin and placebo (3.1 vs. 3.1%; hazard ratio, 1.00, 0.83-1.20; P ¼ 0.98) [49 && ].
CONCLUSION
The development of specific DPP4i has highlighted the pathophysiologic importance of DPP4 in atherosclerosis and cardiac remodeling associated with diabetes and diabetic heart failure. Although catalytic inhibition of DPP4 with DPP4i clearly alters pathways that could favor cardioprotection, many questions remain regarding the role of DPP4 in pathogenesis of atherosclerosis. The GLP-1R-independent aspects of DPP4 function may help reconcile differences in results noted between pharmacologic inhibition of DPP4 and DPP4 deficiency (in knockout models). Mulvihill et al. [26 && ] recently reported that treatment of DPP4i MK-0626 results in modest cardiac hypertrophy and impaired cardiac function in diabetic mice, whereas both GLP-1R agonist and DPP4 deficiency improve cardiac function. These results suggest either GLP-1-independent actions of DPP4 inhibition or drug-related unspecific effect may contribute to cardiac dysfunction. In humans, short-term and long-term use of DPP4i is well tolerated from a cardiovascular perspective. The lack of efficacy from a cardiovascular perspective has been raised as an important deficiency of these agents but must be contextualized by the fact that the durations of large outcome trials with DPP4i have all been shorter than 5 years.
